Background/Aims: Hyperthermia is a widely used therapeutic tool for cancer therapy and a well-known inducer of apoptosis. Although the flavonoid compound baicalin (BCN) is a potent anticancer agent for several human carcinomas, it is less potent in the human U937 myelomonocytic leukemia cell line. To explore any enhancing effects of BCN on hyperthermiainduced apoptosis, this study investigated the combined effects and apoptotic mechanisms of hyperthermia and BCN in U937 cells. Methods: U937 cells were heat treated at 44ºC for 12 min with or without pre-treatment with BCN (10-50 µM) and then incubated for 6 h at 37 ºC with 5% CO 2 and 95% air. Cell viability was analyzed by Trypan blue exclusion assay. Apoptosis was examined by DNA fragmentation, fluorescence microscopy and flow cytometry. Generation of mitochondrial trans-membrane potential (MMP), mitochondrial calcium, and reactive oxygen species (ROS) was also detected by flow cytometry. The expression of proteins related to apoptosis and signaling pathways was determined by western blotting. Results: Hyperthermia alone did not reduce cell viability or induce notable levels of apoptosis, but combined hyperthermia and BCN treatment markedly augmented apoptosis by upregulating proapoptotic proteins and suppressing antiapoptotic proteins, culminating in caspase-3 activation. Mitochondrial transmembrane potential was significantly decreased, and generation of reactive oxygen species (ROS) and suppression of antioxidant enzymes were marked. Furthermore, with the combined treatment, the phosphorylated forms of JNK and p38 showed increased expression, whereas AKT was dephosphorylated. JNK-IN-8 (a JNK inhibitor) and NAC (a ROS scavenger) abrogated the apoptotic effects of the combined treatment, significantly protecting the cells and indicating the involvement of high ROS generation and the MAPK pathway in the underlying molecular mechanism. Conclusion: This study provides compelling evidence that hyperthermia, in combination with BCN, is a promising therapeutic strategy for enhancement of apoptosis and suggest a promising therapeutic approach for cancer.
Introduction
Hyperthermia (HT) or heat treatment has been used for at least 5000 years as anticancer therapy. Recent advances in HT techniques, such as noninvasive thermometry, computer modeling, and nanotechnology, have had a considerable impact on cancer treatment. Tumor cells are more sensitive to HT than normal cells, but its effectiveness depends on the temperature and duration. Generally, normal tissues, excluding nerve tissues, are not damaged by 1 h treatment of HT up to 44°C. HT is a well-known inducer of apoptosis, but the degree of apoptosis and apoptotic pathway involved depend on the nature of the cell line examined. Although clinical studies of HT alone provide somewhat satisfactory results, HT alone is insufficient to completely kill tumor cells and an additional agent is required to overcome these limitations [1] [2] [3] .
Scutellaria baicalensis Georgi (Japanese, Wong or Ogan; Chinese, Huang Qin; English, Baikal skullcap or skullcap) is a perennial herb belonging to the Lamiaceae family that is cultivated in Japan, China, Korea, Mongolia, and the Russian Federation [4] . It is classified as a "middle-grade" herb in the Chinese medical classic "Shennong's herba" [5] . Its dried root contains over 30 kinds of flavonoids, mainly baicalin (BCN), baicalein, wogonoside, wogonin, oroxylin A, and oroxylin A-7. These compounds contribute to its ability to induce apoptosis and inhibit proliferation in different cancer cells [6, 7] . BCN is a 5, 6-dihydroxy-7-o-glucuronide flavone [8] , whereas baicalein is a 5, 6,7-trihydroxyflavone, but about 90% of administered baicalein is metabolized to BCN [9] . Previous flavone studies revealed that BCN, also a component of Sho-Saiko-to [10] , has multiple biological properties, including anti-inflammatory, antimicrobial, antiviral, antioxidant, and protective effects against various tissue and organ damage. In the K562 cell line, BCN inhibits erythroid differentiation and reduces colony formation [4] . In addition, it also possesses some beneficial effects in disease models such as those of hepatic toxicity, hypoxia/reoxygenation-induced cardiac muscle injury, and rheumatoid arthritis and in iron-overloaded mice [9] . In addition, BCN also exhibits anticancer effects for several cancers such as colon cancer, breast cancer, Burkitt lymphoma, cervical cancer [11] , lung cancer, prostate cancer, hepatic cancer, ovarian cancer, and pancreatic cancer [4, 8] . However, the exact underlying mechanisms remain unclear.
Apoptosis, or type 1 programmed cell death, is a significant terminal pathway in multicellular organisms and is responsible for cellular biological events such as maintenance of homeostasis, development, differentiation, and elimination of harmful cells. Furthermore, it is distinct from other types of cell death based on its incidence, biochemistry, and morphology. In contrast, aberrant apoptosis is fundamental to carcinogenesis, tumor progression, and development of anticancer drug resistance. Consequently, apoptosis is considered to be a primary target for drug discovery and development, particularly for cancer treatment. In mammals, there are two major apoptotic pathways resulting in caspase activation: the extrinsic or death receptor-mediated pathway and the intrinsic or mitochondrial-mediated pathway. In addition, there is another less well-known endoplasmic reticulum (ER) stress-mediated pathway for caspase activation [12] . In the intrinsic signaling pathway, the proapoptotic protein Bid regulates the translocation of proapoptotic Bax to the mitochondrial membrane. The ratio of endogenous pro-to antiapoptotic proteins is the determinant of life and death [13] .
BCN arrests mouse leukemia cell proliferation in in vivo studies [14] , as well as in vitro [15] , and complete inhibition of acute lymphatic leukemia, myeloma, and lymphoma cell lines has also been found [15] . In addition, BCN possesses cytotoxic effects in the U937 cell line [10, 16] . However, the significant effect was attributed to either too high a concentration of BCN or too long an exposure. The U937 cell line is widely used to investigate the mechanisms involved in apoptosis [17] . As discussed in previous studies, BCN has promising effects as an adjunct to cancer therapy [18] . Thus, in the present study, we used BCN as an adjunctive therapy to HT to induce apoptosis and ultimately develop a promising anticancer therapy. We also explored the molecular mechanisms involved.
Materials and Methods
Chemicals BCN (product number, B2835; lot, 63BCA) and BAPTA-AM [1, 2-Bis (2-aminophenoxy) ethane-N,N,N',N'-tetraacetic acid tetrakis (acetoxymethyl ester)] were purchased from Tokyo Chemical Industry, Japan. Trypan blue stain was purchased from ICN Biomedicals, Inc. (Aurora, OH). JNK-IN-8 was obtained from EMB Chemical, Inc. (San Diego, CA), Hoechst stain 33258 dye, N-acetyl-cysteine, and tauroursodeoxycholic acid (Tudca) were purchased from Sigma Aldrich (St. Louis, MO).
Cell culture and treatment
The human myelomonocytic lymphoma U937 cell line was purchased from Human Science Research Resources Bank Japan (Japan Human Sciences Foundation, Tokyo, Japan). U937 cells were grown in RPMI-1640 medium containing 10% heat-inactivated fetal bovine serum and maintained in a humidified incubator at 37°C with 5% CO 2 and 95% air, as reported previously [19] . For HT, U937 cells were seeded in 15-mL plastic tubes at a density of 2 × 10 6 cells suspended in 4 mL of media, followed by immersion in a temperature-controlled water bath at 37°C or 44°C for 12 min, preceded by 3 min to warm the samples up to the desired temperature. BCN at the indicated concentrations was added to the samples 30 min before HT as a pretreatment [19] .
Hoechst staining
The cells were harvested, washed with Dulbecco's phosphate-buffered saline (PBS) (Nissui Pharmaceuticals Co. Ltd., Tokyo, Japan), and collected by centrifugation. They were then fixed with 4% paraformaldehyde in PBS for 30 min at 4°C and stained with 1 mM Hoechst stain 33258 for 15 min. Cell body shrinkage, nuclear condensation, and apoptotic bodies were visualized and captured by a fluorescence microscope (BX-61, Olympus, Tokyo, Japan) at 400× magnification.
Trypan blue exclusion assay
Cell viability was determined by a Trypan blue exclusion assay by using a Burker counting chamber after Trypan blue staining (0.4%, 1:3 dilution in the cell-containing culture medium), as reported previously [20] . Briefly, U937 cells were seeded in 6-cm dishes at a density of 2 × 10 6 cells and subsequently treated with BCN and HT. After 6 h and 24 h of post-treatment incubation, cells were harvested, stained, and counted.
Assessment of DNA fragmentation
A quantitative DNA fragmentation assay was carried out following the method of Sellins and Cohen [21] , with minor modifications. Briefly, the cells were harvested after 6 h of treatment and lysed with 200 µL of lysis buffer (10 mM Tris, 1 mM EDTA, and 0.1% NP-40, pH 7.5), followed by centrifugation at 13, 000 × g for 10 min to separate intact from fragmented chromatin, and transferred into separate tubes. The fragmented DNA in the supernatant and intact DNA in the pellet were precipitated overnight at 4°C in 12.5% trichloroacetic acid. DNA precipitates were hydrolyzed by heating at 90°C for 20 min in 5% trichloroacetic acid. For quantification of fragmented DNA, after overnight color development (Beckman DU-50) with diphenylamine (DPA) reagent (0.15 g DPA, 0.15 mL H 2 SO 4 , and 0.05 mL acetaldehyde/10 mL glacial acetic acid), the absorbance was measured at 600 nm by a microplate reader (Multiscan, Thermo Fisher Scientific, Shanghai, China). "Percent fragmentation" refers to the ratio of DNA in the supernatant (fragmented) to the total DNA recovered in both the supernatant and pellet (fragmented plus intact).
Apoptosis detection by flow cytometry
Flow cytometry was performed with fluorescein isothiocyanate (FITC)-labeled Annexin V and propidium iodide (PI) for the detection of phosphatidylserine externalization on the surface of the cell membrane, used as an end-point indicator of early apoptosis and necrotic cells or late apoptosis, respectively [22] . The cells were harvested, centrifuged at 5000 × g for 5 min, washed with cold PBS, and finally 490 µL of cell suspension was stained with FITC-labeled Annexin V (5 µL) and PI (5 µL) for 15 min in the dark. Apoptosis was detected using a flow cytometer (Epics XL, Beckman-Coulter, Miami, FL) following the manufacturer's instructions [23] . 
Mitochondrial transmembrane potential
After HT with or without BCN, performed for 3 h, cells were collected and treated with 10 nM tetramethylrhodamine, methyl ester, and perchlorate (TMRM; Molecular Probes, Eugene, OR) in 1 mL of 1 × PBS for 15 min at 37°C. TMRM is a cationic fluorophore that is widely used to stain mitochondria and the mitochondrial matrix. The percentage of cells with a low mitochondrial transmembrane potential (MMP) was detected by flow cytometry (BD FACSCanto II Flow Cytometer ver. 1.1 and Diva 6.1, BD Biosciences, Mississauga, Canada), and data were analyzed using Flowing software 2.5.1 (Turku, Finland; http:// flowingsoftware.btk.fi).
Estimation of mitochondrial free calcium
The calcium probe Rhod 2-AM (Molecular Probes) was used to determine the effect of individual and combined treatments on mitochondrial free calcium homeostasis. Labeled calcium indicators exhibited an increase in fluorescence upon binding to mitochondrial Ca
2+
. The cells were washed twice with Hank's balanced salt solution (HBSS) and were preloaded with 5 µM Rhod 2-AM in HBSS at 37°C for 30 min in the dark, followed by pretreatment with BCN and treatment with HT. After 3 h of incubation, the cells were harvested, centrifuged at 5000 × g for 5 min, and washed with HBSS again. Finally, fluorescence was detected by using a flow cytometer (BD FACSCanto II Flow Cytometer ver. 1.1 and Diva 6.1), following the manufacturer's instructions [23] , and data were analyzed using Flowing software 2.5.1.
Assessment of intracellular reactive oxygen species
Intracellular reactive oxygen species (ROS) levels were measured using dihydroethidium (DHE) and 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) (Molecular Probes). DHE is oxidized by ROS within the cell to produce ethidium bromide, which fluoresces when it intercalates into DNA. In addition, esterase cleavage of the lipophilic blocking groups of DCFH-DA yields a charged form of the dye, which is oxidized with ROS generation and can be detected by monitoring the increase in fluorescence with a flow cytometer. Briefly, after harvesting, the cells were incubated with 4 μM dihydroethidium and 20 μM of DCFH-DA separately for 30 min at 37°C. After two washes with Dulbecco's PBS, the population of stained cells was measured using a flow cytometer (BD FACSCanto II Flow Cytometer ver. 1.1 and Diva 6.1), and data were analyzed using Flowing software 2.5.1.
Western blot analysis
Western blot analysis was carried out according to the method described by Cui et al. [19] . Briefly, cells were harvested and washed with PBS and then lysed in RIPA buffer (150 mM NaCl, 1% Triton X-100 (v/v), 1% sodium deoxycholate, 0.1% SDS, 1 µg/mL each of aprotinin, pepstatin, and leupeptin, 1 mM EGTA, 50 mM Tris-HCl, pH 7.5) for 20 min on ice. After brief sonication, the lysates were centrifuged at 13, 000 × g for 10 min at 4°C, and the protein contents in the supernatant were measured using a Coomassie (Bradford) Protein Assay Kit (Thermo Scientific, Waltham, MA). The protein lysates were denatured at 96°C for 10 min after being mixed with SDS loading buffer, and then applied to an SDS polyacrylamide gel for electrophoresis and transferred to nitrocellulose membrane (Amersham Biosciences, Buckinghamshire, UK) [23] . Afterward, the membrane was blocked with 5% skimmed milk in TBST (150 mM NaCl, 50 mM Tris, pH 7.5, 0.1% Tween-20). Western blot analysis was performed using specific monoclonal or polyclonal antibodies:
, and anti-phospho-AKT Ser473 (p-AKT Ser473 ) (Cell Signaling Technology, Inc., Beverly, MA); and anti-Bax, anti-Bid, anti-Noxa, anti-Bcl-2, anti-Bcl-xL, anti-GRP78, anti-Gpx-1, anti-SOD-2, anti-HO-1, and anti-β-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Blots were then probed with either secondary horseradish peroxide (HRP)-conjugated anti-rabbit or anti-mouse IgG antibodies (Cell Signaling Technology, Inc.). For the detection of proteins, the chemiluminescence agents ECL and ECL Plus were used according to the manufacturer's instructions (Amersham Biosciences) and band signals were visualized using a luminescent image analyzer (LAS4000mini, Fujifilm Co., Tokyo, Japan). Densitometric analysis of protein expression was performed using Image Studio Digits ver. 5.0 (LI-COR Biosciences, Lincoln, NE), and the values were normalized to those of β-actin.
Statistical analysis
All experiments are representative of at least three independent replicates. Data are expressed as the mean ± standard error of the mean. All statistical analyses were performed using GraphPad Prism 5.0 
Results

Reduction in cell viability and enhancement of apoptosis with combined treatment
The cytotoxic effects of BCN were observed from the morphological changes observed under a fluorescence microscope after the cells were stained with Hoechst stain 33258. BCN administered at 100 µM alone for 6 h resulted in a low amount of apoptosis, whereas 50 µM was found to be safe (Fig. 1A) . Hence, we chose the latter concentration as the maximum for further experimentation. Cell viability was measured to assess the cytotoxic effects of BCN and HT alone and in combination at two different time periods. We found significantly reduced viability after 6 h and 24 h in the combination therapy group compared with the non-treated (NT) and HT alone groups (Fig.  1B) . Combination therapy dosedependently induced a significant modulation in morphology and increased apoptosis compared with HT alone after 6 h of post-HT incubation (Fig. 1C & D) . DNA fragmentation is a hallmark of apoptosis [24] , and therefore DNA fragmentation assay was used to assess the apoptotic effects. HT alone was unable to induce notable levels of apoptosis, whereas its combination with BCN increased the rate of apoptosis in a dose-dependent manner (Fig.  1E) . Consistently, the degree of apoptosis was significantly greater in combination treatment than in Fig. 1 . Baicalin in combination with hyperthermia markedly enhanced apoptosis and reduced the viability of U937 cells. A: U937 cells were treated with BCN (10-100 µM) and incubated for 6 h. The morphological changes related to cytotoxicity were visualized by fluorescence microscopy at 400× magnification after Hoechst staining, and apoptotic cells were counted as the proportion of the total population (n = 300). ** p<0.01 vs the non-treated (NT) group. B: Cells were treated with hyperthermia (HT) with or without BCN and incubated for 6 h and 24 h, and cell viability was measured by the Trypan blue exclusion assay.
*** p<0.001 vs the NT group and ## p<0.01, ### p<0.001 vs the HT group. U937 cells were treated with HT with or without BCN and incubated for 6 h. C: Morphological changes, such as condensed or fragmented nuclei, reflecting apoptosis, were visualized under a fluorescence microscope at 400× magnification after Hoechst staining. D: Apoptotic cells were counted as the proportion of the total population (n = 300). *** p<0.001 vs the HT group. E: DNA fragmentation rates were detected by a DNA fragmentation assay.
* p<0.05 and *** p<0.001 vs the HT group. F: Early and late apoptosis rates were analyzed with Annexin V and PI staining by flow cytometry. *** p<0.001 vs the HT group. 
Upregulation of proapoptotic proteins and caspase activation
Proapoptotic proteins such as Bax, Noxa, and Bid are Bcl-2 family proteins that are critical to the induction of apoptosis via the intrinsic pathway, which leads to activation of the caspase cascade, with consequent cleavage of the effector caspase caspase-3. In this study, expressions of proapoptotic proteins were visualized by western blot analysis, and Bax and Noxa were markedly higher in combination therapy cells than in NT cells, although there was little change from HT-treated cells. Bid is a BH3-only protein that is also cleaved into an active form, called truncated Bid, which interacts with Bax and results in efficient permeabilization of the mitochondrial membrane. Our results showed that caspase-3 was also significantly and dose-dependently activated in combination treatment cells compared with HT-treated cells ( Fig. 2A & B) .
Downregulation of antiapoptotic proteins
Anti-apoptotic proteins such as Bcl-2, Bcl-xL, and Mcl-1 are also Bcl-2 family proteins. In contrast to proapoptotic proteins, these survival proteins increase growth by binding to BH3-only proteins to inhibit their interaction with and activation of Bax or Bak, thereby inhibiting apoptosis induction. In this study, expressions of antiapoptotic proteins were visualized by western blotting, and it was seen that these proteins were drastically downregulated with combination treatment compared with the HT group, indicating the downregulation of survival factors and resulting in apoptosis induction (Fig. 2C & D) . The ratio of Bax to Bcl-2 was highly increased in the combination group compared with the HT group (Fig. 2E) .
Loss of mitochondrial membrane potential
MMP plays a vital role in intracellular signal transduction, and its dysfunction leads to apoptosis [17] . Although HT and BCN both affect MMP [19, 25] , the effects of combined therapy needed to be explored. Therefore, we analyzed the change in the MMP with both individual and combined treatments, finding that there was a significant loss in MMP in the combination treatment group compared with the NT and HT groups (Fig. 3A & B) .
Elevation of mitochondrial free calcium
Calcium signaling is crucial to cell fate by influencing mitochondrial-interconnected processes, such as energy production and apoptosis [26] . Both HT and BCN alone can increase free intracellular calcium [19, 25] . However, the effect of combined treatment was unknown. Therefore, we detected the mitochondrial free calcium using Rhod 2-AM, finding that HT and BCN in combination significantly increased the mitochondrial free calcium compared with the NT and HT groups. BCN alone also increased the calcium level compared with the NT group (Fig. 3C & D) .
Increase in oxidative stress and suppression of the antioxidant system
Oxidative stress contributes to apoptotic signaling initiation via the production of ROS [27] . HT and BCN individually generate ROS [28, 29] . Therefore, we used flow cytometry to assess the level of ROS with combined treatment and found that combined treatment also significantly increased the levels of superoxide radicals (Fig. 4A & B) and hydrogen peroxide (Fig. 4C & D) after 30 min of incubation compared with the individual treatment groups. Furthermore, to confirm the involvement of the antioxidant system, we analyzed the expression levels of proteins involved in the antioxidant system, including Gpx-1, SOD-2, and HO-1, and found them to be suppressed after the induction of oxidative stress (Fig. 4E &  F) . These results also indicated that ROS actively participates in apoptosis enhancement by suppressing the antioxidant system.
Modulations of MAPK and AKT pathways
The MAPK pathway is involved in the regulation of cell cycle progression, cell survival, and death responses after exposure to a variety of stimuli [30] . Therefore, we analyzed the activated or phosphorylated forms of the members of the subfamilies of the MAPK path- Fig. 5A & B) . The change in the dephosphorylation of ERK was slight, but the ratio between p-JNK and p-ERK was significantly increased, indicating the fate of cells exposed to the combined treatment (Fig. 5C ). Akt serine/ threonine is a regularly activated kinase that is associated with cell proliferation, cellular energy metabolism, and a n t i a p o p t o s i s [31, 32] . Akt is an upstream signal to the cell survival and death mechanism as well as deactivation of the Akt, whereas activation of the MAPK pathway also contributes to the enhancement of apoptosis [33, 34] . When BCN was combined with HT, a significant dephosphorylation of Akt at both Thr 308 and Ser 473 amino acid residues occurred compared with the NT group and the BCN alone cells. However, HT alone also markedly changed the level of Akt phosphorylation (Fig. 5D & E) . Taken together, these findings indicated that increased phosphorylation of JNK and p38 contributed to the enhancement of apoptosis and that dephosphorylation of ERK and Akt was somehow involved. Nonetheless, further studies are needed to elucidate the exact molecular mechanism involved. 
Upregulation of ER stress and autophagic markers
The ER stress-mediated pathway also plays a role in the induction of apoptosis [8] . Thus, the protein expression levels of ER stress markers such as GRP78 and the transcription factor CHOP were examined using western blot analysis. The experiments revealed their significant activation in the combined treatment groups compared with the HT group (Fig.  5F & G) , indicating that ER stress was markedly increased by the combined treatment.
Autophagy is a cellular homeostatic mechanism that protects cells from stress or damage [35] . Previously, AKT suppression was found to be involved in autophagy [36] , and microtubule-associated protein 1 light chain 3 (LC3) is considered to be a hallmark of autophagy processes [37] . Moreover, BCN also triggers autophagy in T24 cells through the The expression levels of the phosphorylated and total forms of ERK, JNK, and p38 proteins and their relative expression levels were quantified by densitometric analysis. The ratio of p-JNK/p-ERK was also evaluated to determine the changes in these proteins.
* Akt pathway [31] . Hence, we assessed the protein levels of LC3AB by western blot, finding significant changes in the expression of LC3AB when cells were treated with the combined therapy, indicating that some autophagic processes were involved ( Fig. 5F & H) .
JNK inhibitor and NAC potentially abrogated the effects of combined treatment
JNK phosphorylation was actively involved in the mechanism underlying apoptosis induction. Thus, we used 10 µM and 20 µM of JNK-IN-8 (JNK inhibitor) 30 min before combined treatment of HT and BCN, finding suppressed expression of p-JNK (Fig. 6A & B) and cleaved caspase-3 ( Fig. 6C & D) in western blotting and a recovered rate of apoptosis in the DNA fragmentation assay (Fig. 6E) . These findings show that the JNK pathway was actively involved in the underlying mechanism.
In addition, we used other inhibitors, including NAC (a ROS scavenger), BAPTA-AM (a calcium chelator), and Tudca (an ER stress inhibitor), because the levels of ROS, Ca
2+
, and ER stress were also increased in our study. NAC significantly alleviated the apoptotic effects of the combination treatment, as evidenced by suppressed western blot expression of cleaved caspase-3 ( Fig. 6C & D) , and rescued the apoptosis revealed by DNA fragmentation (Fig. 6F) . On the other hand, BAPTA-AM slightly but not significantly suppressed the expression of cleaved caspase-3 ( Fig. 6C & D) and had a minor effect in the DNA fragmentation assay (Fig.  6G) , indicating that Ca 2+ does not contribute notably to the enhancement of apoptosis. Tudca inhibited the protein expression of GRP78 induced by combination treatment, but there was a significant increase in the expression of cleaved caspase-3 ( Fig. 6C & D) and the rate of apoptosis by DNA fragmentation was unaltered (Fig. 6H ). In addition, in the presence of all of these upstream inhibitors, GRP78 was significantly suppressed in the combined treatment group, whereas the alterations in the expression of LC3AB were insignificant (Fig. 6C & D) . These results indicate that autophagy was not the downstream pathway or the contributing factor leading to cell death in the present study. However, the exact mechanism is still obscure and needs further work. To conclude, ROS generation helped in the enhancement of apoptosis induced by HT and BCN treatment, and MAPK was the signaling pathway involved.
Discussion
HT is reported to be a good strategy for cancer both by itself [1] and in conjunction with radiotherapy or chemotherapy [38, 39] . In addition, it is now considered a potential tool for treating cancer after surgery, radiotherapy, and chemotherapy. However, normal cells are also damaged by HT [3] . To overcome this limitation, we used a short exposure time for HT and combined it with an enhancer for better results.
Purified BCN has antiproliferative and apoptotic effects in prostate cancer cell lines [40] , human ovarian cancer cell lines [41] , human T24 bladder cancer cells [31] , HeLa cervical cancer cells [11] , breast cancer cells [6] , hepatic cancer cells [8, 9] , the A549 lung cancer cell line [42] , CA46 Burkitt lymphoma cells [24] , HL-60 promyelocytic leukemia cells [25] , and human leukemia cell lines [15, 16] . BCN is also reported to be more potent than baicalein (due to the lack of a glucuronate group) in human hepatoma cells [43] . These studies reported that BCN alone could induce apoptosis in the U937 cell line. However, the apoptotic effects were concentration-and time-dependent and a high concentration was required to achieve a sufficient rate of apoptosis, with one study reporting an IC 50 value for BCN of 50 µg/mL after 96 h of treatment [15] and another reporting that 15 µg/mL of BCN inhibited the growth of U937 cells by 50% after 72 h [16] . In the present study, the combination of BCN and HT significantly reduced cell viability, increased DNA fragmentation, and elevated cell death determined by morphological apoptotic body formation and Annexin V/PI-stained cells.
The intrinsic pathway of apoptotic cell death mainly involves Bcl-2 family proteins comprising proapoptotic members such as Bax, Noxa, and Bid and antiapoptotic members such as Bcl-2, Bcl-xL, and Mcl-1. In the presence of any death stimuli, Bid transforms into the activated or truncated form t-Bid and activates Bax, which consequently induces pore formation in the mitochondrial outer membrane. In addition, Noxa binds to Mcl-1, whereas the BH3-only protein Bad interacts with Bcl-2 and deactivates it, resulting in an increased Bax/Bcl-2 ratio that indicates activation of the caspase cascade [44] . In the present study, proapoptotic proteins were highly expressed, whereas antiapoptotic proteins were suppressed when BCN was combined with HT compared with the HT group, indicating the active role of Bcl-2 family proteins in the apoptosis. Caspase proteinases control apoptotic signaling and execution by cleaving cellular proteins after aspartate residues. Initiator caspases are cleaved and activated by death stimuli and then activate executioner caspases and promote apoptosis by cleaving cellular substrates that induce the morphologic and biochemical alterations inherent to apoptosis [45] . In our study, combined treatment activated the cleaved form of caspase-3. Collectively, the alterations in the Bcl-2 family proteins and activation of the caspase cascade indicated the involvement of the intrinsic pathway in the enhancement of apoptosis.
Ample mitochondrial functions are indispensable to many processes, including apoptosis and metabolic signaling pathways, and MMP loss is linked to triggering of cell death by caspase activation [7] . In the present study, MMP was significantly decreased with combined treatment, confirming the involvement of the mitochondrial/intrinsic pathway of cell death. It was previously reported that BCN induced apoptosis in human promyelocytic leukemia HL-60 cells [25] , in lymphocytic leukemia, lymphoma, and myeloma cell lines [15] , and in a human leukemia cell line [16] by decreasing their MMP. The present study is the first study to report the loss of MMP with combined treatment of BCN and HT. On the other hand, a review study highlighted the mitochondrial protective effects of BCN and baicalein in different types of cell lines [7] . Taken together, BCN possesses two types of effects, depending on the nature of the cell line being used and the type of administration. ROS are the byproducts of molecular oxygen generated as a result of metabolism in living systems and play a vital role in cell signaling and homeostasis. Superoxide is the precursor of ROS and is crucial to the oxidative chain reaction. Hydrogen peroxide is produced when superoxide is dismutated by the enzyme superoxide dismutase [46] . Here, both superoxide and hydrogen peroxide were elevated soon after combined treatment, which thereafter activated the antioxidant system. The antioxidant enzymes SOD, Gpx-1, and HO-1 were increased in the early stages (data not shown), with suppression later on due to the chronic toxicity of oxidative stress. These results indicated that the antioxidant system was activated to protect the cells at the beginning of the treatment but that combined treatment had potential cytotoxic effects that suppressed the antioxidant enzymes and eventually led to the death of the cells. In agreement with the present findings, a few studies have reported ROS as a precursor of apoptosis [10, 25] . However, in others, ROS was scavenged by BCN and alleviated apoptosis [29, 47] . HT induces apoptosis by increasing oxidative radicals [19] . Therefore, we can speculate that the pro-oxidant behavior of BCN in our findings might be due to the influence of HT. The role of ROS in the enhancement of apoptosis was evident with the use of NAC, which not only suppressed the expression of caspase-3, but also protected the cells, as revealed by DNA fragmentation.
MAPKs are involved in transmitting extracellular stimuli to the nucleus through various signal transduction pathways. The MAPK pathway comprises intracellular kinases important to cancer development [48] and apoptosis control [49] . JNK is responsible for apoptosis induction, whereas ERK protects against it and promotes proliferation [3] . Accordant results were found in the present study, with JNK and p38 significantly phosphorylated in combination therapy and ERK dephosphorylated. These results indicated that the MAPK pathway was potentially involved in transducing the signals from extracellular stimuli to the nucleus for transcriptional changes and consequent induction of apoptosis. JNK and p38-MAPK are well-known stress-activated protein kinases that evoke sequential interactions related to cell death or survival [50] . In particular, p38 is also a marker of oxidative stress, which increases the phosphorylation levels of p38 [44, 51] , consistent with our findings and supporting the claim that oxidative stress is involved in the mechanism underlying the combined treatment. In addition, the balance between the activation of the stress-related kinase JNK and suppression of the growth-related kinase ERK is the determinant of cell fate between apoptosis and cell survival [32, 50] , which is in agreement with our findings. Ostensibly, the change in the expression of p-ERK was not significant, but the ratio of p-JNK to p-ERK was significantly involved in the pathway exploited by the underlying mechanism. Moreover, the involvement of JNK was evident with the use of a JNK inhibitor, which blocked the activation of JNK with combined treatment, suppressed the activation of caspase-3, and rescued the cells, as detected by DNA fragmentation.
The PI3K/Akt growth signaling pathway comprises a family of phosphorylationregulated intracellular protein kinases. The primary activator of this signaling pathway is activated/phosphorylated Akt, which potentiates the survival of various tumors by activating downstream targets [24] . Its phosphorylation at Thr 308 increases its activity while its phosphorylation at Ser 473 is required for its full activation, which eventually suppresses various proapoptotic signaling molecules involved in cell growth and proliferation [52] . Activation of JNK usually occurs from the activation of ASK1, which is a target of Akt inhibitory phosphorylation, and provides the direct link between Akt and JNK [34, 53, 54] . Sometimes induction of apoptosis is done by following the pathway of RAF1-ERK or ASK1-JNK signals, especially in the presence of any kind of stress [30] . However, some reports also reflect that Akt signals exist side by side with the MAPK pathway and play a role in the induction of apoptosis [55, 56] . Akt may also be involved when there is some Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry autophagy regulation [31, 33] . The anti-apoptotic Mcl-1 gene is activated and upregulated by the PI3/Akt signaling pathway, and suppression of Mcl-1 by inhibition of Akt is required for cell shrinkage-dependent apoptosis [57] . Likewise, the present study observed the aforementioned signals, indicating deactivation of Akt and Mcl-1 and activation of JNK are closely correlated with the induction of apoptosis, as reported previously [34] . The increase in ER stress, which is consistent with another finding of apoptosis with the same signaling pathway [55] . Moreover, in the present study, activation of the autophagic marker LC3AB and suppression of Akt phosphorylation were observed with combined treatment as well as with HT alone, although the difference between them was not significant. These findings may indicate the involvement of this pathway in the underlying mechanism, although not a remarkable contribution. Akt is an early participant in the pathway, but the exact involvement of PI3K in the BCN and HT combination treatment still remains obscure. Growth suppressive effects and autophagy may contribute to the interaction of the indicated treatment with these kinases, and further work is required to identify the exact mechanisms involved. Ca 2+ is an important regulator of human cell metabolism, differentiation, life, and death by interacting with various signaling pathways, and its level needs to be controlled to maintain homeostasis [58] . BCN enhances the intracellular Ca 2+ in human HL-60 promyelocytic leukemia cells [25] and human MDA-MB-231 breast cancer cells [59] . In agreement with previous findings, intracellular Ca 2+ was increased by BCN treatment alone in U937 cells, but not by combined treatment (data not shown). However, mitochondrial Ca 2+ was significantly increased in the combined treatment group. Consistently, mitochondrial Ca 2+ was also markedly increased with BCN alone. Although the level of mitochondrial Ca 2+ was increased, BAPTA-AM insignificantly abrogated the caspase-3 activation and DNA fragmentation, revealing that it was not the component responsible for the enhancement of apoptosis. Nonetheless, further studies are needed.
The ER is a substantial intracellular organ for protein folding and modification and calcium storage that plays a pivotal role in signal transduction. Accumulation of misfolded proteins or aberrant folding capacity may lead to what is known as ER stress [30] , which is evident by high expression of the ER stress molecular marker GRP78 [8] and the C/EBP homologous transcription factor CHOP [25] . Here, both GRP78 and CHOP were markedly higher with combination therapy than with HT alone. GRP78 was also suppressed by various upstream signal inhibitors such as NAC, JNK-IN-8, BAPTA-AM, and Tudca. However, Tudca could not suppress the activation of caspase-3 with combined treatment, but showed a slight increase, consistent with the DNA fragmentation results. This indicates that it could not rescue cells from apoptosis. Collectively, combined treatment increased ER stress in the Alterations in Bcl-2 family proteins were also observed accompanied with increases in mitochondrial calcium, ER stress, and autophagy, which led to mitochondrial dysfunction and ultimately activation of the caspase cascade. Finally, enhancement of apoptosis leading to cell death was found with the combined treatment, which could be rescued by JNK inhibitor and NAC. cell system. However, it was not the contributing factor leading to cell death, as reported previously in the case of BCN alone [8, 25] , but further studies are nonetheless required. Taken together, our schematic illustration (Fig. 7) shows that BCN plays a prominent role, particularly when combined with HT, in enhancing cell death in U937 cells. The combined treatment increased the ROS generation with ultimate suppression of the antioxidant enzymes, which subsequently led to the loss of MMP and increases in ER stress and mitochondrial calcium. Consequently, the increase in Bax/Bcl-2 and decrease in Mcl-1 caused release of cytochrome c and further activation of the mitochondrial-dependent apoptotic pathway, as revealed by fragmentation of the DNA, induction of apoptosis, formation of apoptotic bodies, reduction in cell viability, and activation of caspase-3, leading to cell death. The MAPK pathway was shown to be the underlying mechanism of signal transduction in this study, but the interaction of MAPK and Akt remains unclear and needs further study.
Conclusion
In conclusion, BCN markedly augmented HT-induced apoptosis in U937 cells with the involvement of the MAPK pathway via elevation of intracellular ROS and activation of the mitochondrial/intrinsic apoptotic pathway. The limitations of the HT strategy may be overcome through the use of an augmentor such as BCN. This should pave the way to boosting the efficacy of the HT therapy and represents a novel finding in the field of cancer therapeutics.
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